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The ozone injection is one of the promising technologies to remove
multi-pollutants such as NOy, SO,, Hg and VOCs in flue gas simulta-
neously. However, little attention has been paid to the mechanism and
kinetic of the volatile organic compounds (VOCs) removal during ozone
injection. As well known, quantum chemical calculation is an effective
means for mechanism and kinetic studies. Therefore, the mechanism
and kinetic of the volatile organic compounds removal in flue gas by
ozone injection were investigated in detail by employing quantum
chemical calculation. Based on geometry optimizations made by B3LYP/
6-31G (d) method, the microcosmic reaction processes were analyzed
and depicted in detail and the reaction activation energies were calculated
by QCISD(T)/6-311g(d,p) method. Moreover, the kinetic parameters
of the reactions were calculated by the classical transition state theory.
Results showed that, the activation energies of the C,H. + O; and C,H,4
+ NO; reactions were 6.58 and 6.66 kcal/mol, respectively and the
Arrhenius expressions of these two reactions were k = 9.45 x 10"
exp(-30834/RT) and k = 9.47 x 10" exp (-31111/RT) (¢cm® mol ™’ s™),
respectively. The calculated activation energies and kinetic parameters
were in good agreement with the experimental results, which indicated
the mechanism and kinetic study by employing quantum chemical calcu-
lation was reasonable and reliable.

Key Words: Ozone, Volatile organic compounds, Ethylene, Kinetic,
Removal, Quantum chemical calculation.

INTRODUCTION

Emissions such as NOy, SO,, mercury and volatile organic compounds (VOCs)
during coal combustion is harmful to our atmosphere. So far, individual control of
pollutions is not only larger investment, but also additional application expenses
needed. The simultaneous removal of multi-pollutants in flue gas has become a
recent concern on the part of the electric utility industry. A lot of high efficiency
and low cost simultaneous removal of multi-pollutants technologies have been
carried out, including non-thermal plasma, electric beam irradiation and adsorption
process, etc.'”.
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The technology of ozone injection is one of the most promising multi-pollutants
simultaneous removal technologies for high efficiency, high energy-efficient and
low cost*®. The ozone injection technology achieved NO,, SO,, Hg and VOCs
removal simultaneously by using ozone to convert NO, Hg” into NO, and Hg**,
which can be captured in wet chemical scrubbers. Many efforts has been made to
investigate the mechanism and kinetic of the ozone injection technology. Cannon
Technology Inc. in collaboration with BOC Gases investigated the removal of NOy
in flue gas by ozone injection firstly*. The simultaneous removal of NO; and SO,
by ozone injection was investigated in a bench scale test facility by Mok et al.®. The
mechanism and kinetics of the simultaneous removal of NOy, SO, and Hg in flue
gas by ozone injection was investigated in previous works”®. However, little attention
has been paid to the mechanism and kinetics of the removal of VOCs in flue gas by
ozone injection. In order to further improve the technology of ozone injection, the
investigation of the mechanism and kinetic of the VOCs removal in flue gas by
ozone injection is essential.

Alkenes, which are important volatile organic compounds in flue gas, were
selected as typical VOCs in this paper. For the simplicity of calculation, ethylene,
the simplest alkene, was selected as the typical alkene in the present study. The
mechanism and kinetics of the ethylene removal in flue gas by ozone injection was
investigated by employing Quantum chemical calculation in this paper. Previous
investigations indicated that, strong oxidizing radicals such as O; and NO; are
generated in flue gas by ozone injection®’ and both O; and NO; radicals have strong
ability to degrade alkenes such as ethylene’"'. Therefore, the following reactions
were calculated and analyzed in detail to investigate the mechanism and kinetic of
the ethylene removal in flue gas by ozone injection.

C,H4 + O3 — Products
C,H, + NO3; — Products

CALCULATION DETAILS

Gaussian 2003 package'” was used in the present Quantum Chemical calculations.
All the geometry optimizations of stationary points along the reactions were made
by the quantum chemistry B3LYP method at 6-31g(d) basis function level*'*. The
optimized stationary points were characterized as intermediates or transition states
by diagonalizing the Hessian matrix and analyzing the vibrational normal modes.
In this way, the stationary points can be classified as intermediates if no imaginary
frequencies are shown or as transition states if only one imaginary frequency is
obtained. Furthermore, the particular nature of the transition states was determined
by the calculation of intrinsic reaction coordinate (IRC)" and the vibrational analysis
of imaginary frequency.

Based on geometry optimizations made by B3LYP/6-31G(d) method, the potential
energies of stationary points of reactions were calculated by QCISD(T)/6-311g(d,p)
method'®"". After corrected with Zero-point energies (ZPE), the activation energies
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(AE) of reactions were obtained. In addition, the enthalpies variation along reaction
processes were also calculated and analyzed by B3LYP/6-31G(d) method, according
to the equation below'®:

AH(T)=AE°+AH__(T)
here, T is the temperature, AE® is the energy difference between products and reactants
at 0 K, AH,,, is the difference of thermal energy correction to enthalpy between
products and reactants.

In order to obtain more reliable values, the raw calculated values of ZPE and
AH,,, were scaled by 0.9613 to account for their average overestimation when
B3LYP/6-31g(d) method was employed .

According to the calculation and analyses on the reaction processes and reaction
mechanism, the reaction rate constant was calculated by transition state theory
(TST). The rate constants were defined by the following rate equation of the classic
transition state theory.

k(T) = AksT/h)(Q"/QaQs)exp(-E/RT)

A = 1+(hv?*/ksT)*/24
here, A is the correct factor for the quantum effect, kg is Boltzman constant, h is
Planck constant, Q” is the partial function of transition state, v* is the imaginary
vibrational frequency of transition state, Qs and Qg are the partial functions of
reactants, respectively, E, is the activation energy, Q is the multiplier of transitional
(Qy), rotational (Q,) and vibrational (Q,) partial function, which has the relationship
as Q = QQQ..

corr (

RESULTS AND DISCUSSION

Reaction processes: The mechanism of the C,H,4 + Os and C,H, + NO; reactions
were investigated in detail by employing Quantum Chemical calculation. The
geometry optimizations of stationary points such as reactants, products, intermediates
(M) and transition states (TS) along reaction processes were made by B3LYP/6-
31g(d) method. Based on the analysis of each stationary point, the microcosmic
reaction processes were depicted in Fig. 1 and 2.

As shown in Fig. 1, the reaction process of C;Hs + O; can be divided as four
steps, which were discussed as follows.

Formation of C;Hs-POZ: The primary ozonide of ethylene (C;H4-POZ) is
formed by the cycloaddition of ozone to ethylene. It is the first step of the reaction.
During this step, a transition state (TS1) is found to connect the reactant and the
C,H4-POZ. As shown in Fig. 1, the distance between C atom of C,H, and the terminal
O atom of O; reduces gradually (00A—2.082A—1.425A, oo denotes the distance
exceeding the range of bond formation. The distance between the terminal O atom
and the centre O atom of Os increases gradually (1.264A—1.313A—1.447A); the
distance between two C atoms of C,H, increases gradually (1.329A—1.390A—
1.558A). All the changes of geometric configurations indicated the forming of C,H-
POZ. Moreover, it should be noticed that there is a transition state (TS2) formed for
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the self-isomerization of the symmetry-allowed C,Hs-POZ. As shown in Fig. 1, the
changes of dihedral angel of O-C-C-O (0°—-46.4°—0°) can depict the self-isomer-
ization of the C;H.-POZ clearly.

w
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Fig. 1. Optimized geometries of the stationary points along the C;H4 + Os reaction process.
Angles are given in degrees and bond distances are given in angstroms

Cleavage of C;H,-POZ: This is an important step of the reaction, because the
cleavage of C,H4-POZ means the breaking of the C=C bond, which stands for the
degradation of ethylene. The Criegee intermediates (HCHOO and HCHO) are
formed via the transition state (TS3). During this step, the distance between two
C atoms increases gradually (1.558A—>1.970A—o0A). This change indicates the
breaking of C=C bond and the cleavage of C,H,-POZ. For the Criegee intermediate
HCHOO, there are two competitive reaction routes. One route is the decomposition
of the Criegee intermediate HCHOO. As shown in Fig. 1, the products (HCO and
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Fig. 2. Optimized geometries of the stationary points along the C,H, + NO; reaction process.
Angles are given in degrees and bond distances are given in angstroms

OH) are formed via the transition state (T'S6). During the decomposition, the distance
between the terminal O atom and H atom reduces gradually (2.462A—1.345A—
0.980A) and the distance between the H atom and C atom increases gradually
(1.086A—1.366A—>cA). The changes of bond distance indicated the formation of
O-H bond and the breaking of H-C bond. The other route is the formation of the
ethylene second ozonide (C,H4-SOZ) via the reaction between HCHOO and HCHO.

Formation of C,H;,-SOZ: This step is very similar to the formation of the
C,H4-POZ. The C,H4-SOZ is formed via the transition state (TS4). During the
formation, the distance between O atom of HCHO and C atom of HCHOO reduces
gradually (ecA—2.161A—1.418A) and the distance between the terminal O atom
of HCHOO and C atom of HCHO reduces gradually (ecA—2.135A—1.414A). The
changes of bond distance indicated the forming of these two O-C bonds and meant
the formation of the C,H,-SOZ.

Cleavage of C,H,-SOZ: This step is quite similar to the cleavage of CoH,-
POZ. The products (HCHO and HCOOH) are formed via the transition state (TS5).
As shown in Fig. 1, both the distance between two O atoms and between atom O
and atom C increase gradually (O-O: 1.465A—1.989A—wA; O-C: 1.418A—
1.848/&%81&), which indicates the cleavage of C,H,-SOZ. Simultaneity, the
distance between atom O and atom H reduces gradually (2.022A—1.479A—0.977A)
and the distance between H atom and C atom increases gradually (1.094A—
1.222A—1.877A). This indicates the migration of atom H and the formation of
HCOOH.
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As shown in Fig. 2, the reaction process of C;H,+NO; is quite different from
the reaction process of C;H. + O;. Two different adducts, the open adduct and the
cyclic adduct, are obtained in the addition of NO; to ethylene. The open adduct is
formed via the addition of the NO; radical to one of the C atoms of the C=C bond,
while the cyclic adduct is formed via the addition of the NO; radical to both of the
two C atoms of the C=C bond. As shown in Fig. 2, the NOs group and the C,H,4
group are almost vertical in the open adduct and almost horizontal in the cyclic
adduct. The transition states TS1 and TS2 are obtained to connect the reactant to
the cyclic adduct and the open adduct, respectively. Furthermore, the cyclic adduct
and the open adduct can be transformed via the transition state TS3. Finally, ethylene
was degraded via the cleavage of the cyclic adduct and the NO and formaldehyde
were formed as the products via the transition state TS4. As shown in Fig. 2, the
changes of geometric configurations about the reactants, intermediates, transition
states and products can describe the reaction process of CoHs + NO; clearly. Further-
more, vibration frequency analyses and IRC calculation were made to confirm the
reaction processes of C:Hs + Oz and C,H,4 + NOs. The results of vibration frequency
analyses show that the intermediates don't have any imaginary vibration frequency,
while every transition state have only one imaginary vibration frequency. This
indicated that intermediates are the stable points of potential surface and transition
states really exist. Moreover, the results of IRC calculation showed that all the
transition states connected reactants to intermediates or connected intermediates to
products.

Activation energies of reactions: Based on geometry optimizations made by
B3LYP/6-31G (d) method above, all potential energies of stationary points along
the reaction processes of C,Hs + O; and C,H4 + NO; were calculated by QCISD(T)/
6-311g(d,p) method. After corrected with ZPE, the potential energies variation along
the reaction processes of CoH4 + O3 and C,H,s + NO; was illustrated in Figs. 3 and 4.
According to the classical transition state theory (TST), the activation energy was
the energy difference between unstable transition state and stable reactant or inter-
mediate. And thus, the activation energies of all the steps of the reaction processes
of C,H, + O; and C,H, + NOj; can be obtained, which were also illustrated in Figs.
3 and 4. In addition, the enthalpies variation along reaction processes were also
calculated by B3LYP/6-31G(d) method and illustrated in Figs. 5 and 6.

For the reaction of C;Hs + Os, the formation of C,H,-POZ is exothermic by
241.4 kJ/mol at 298 K (Fig. 5), which is in good agreement with the experimental
results and other theoretical estimates (180-240 kJ/mol)***. Due to the exothermicity
of the formation of C,H4-POZ, it can be concluded that C,H4-POZ is a quite stable
intermediate. The formation of POZ turns out to be the rate-determining step for
the whole reaction of C;H, + Os;. As can be seen in Fig. 3, the activation energy of
the formation of C,H4-POZ is 6.58 kcal/mol in the present calculation. Therefore,
the activation energy of the C,H4 + O; reaction can be fixed on 6.58 kcal/mol in the
present calculation, which is comparable with the experimental results (5.4 kcal/
mol)** and other theoretical calculations (5-6 kcal/mol)*'%.
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For the reaction of C,Hs + NOs, the formation of the open-adduct and cyclic-
adduct are exothermic by 65.3 kJ/mol and 118.8 kJ/mol at 298 K, respectively,
which can be seen in Fig. 6. Thus, it can be concluded that both the open-adduct
and cyclic-adduct are quite stable because of the exothermicity of their formation.
As shown in Fig. 4, the activation energies for forming the open-adduct and cyclic-
adduct are 6.66 and 13.00 kcal/mol, respectively. Since the reaction always process
along the path with lower activation energy, the formation of open-adduct can be
considered as the rate-determining step for the whole reaction of C;H4 + NO;. There-
fore, the activation energy of the C,H, + NO; reaction can be fixed on 6.58 kcal/mol
in the present calculation, which is very close to the recommended experimental
result (6.17 kcal/mol)*.

Kinetic study: On the basis of the above calculation and analyses on the reaction
processes, the rate constants of the C;Hs + Os; and C,Hy + NOs; reactions were
calculated by the classical transition state theory (TST) and the results were illustrated
in Fig. 7. Moreover, the Arrhenius expressions and the reaction rates at 298 K were
also obtained and compared with the experimental results, which were shown in
Table-1.
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Fig. 7. Rate constant k calculated from transition state theory

TABLE-1
KINETIC PARAMETERS OF THE C,H, + O; AND
C,H, + NO, REACTIONS (k = cm’ mol™ s™)

Reaction C,H,+0, — Products C,H,+NO, — Products
Arrhenius expression (TST) 9.45 x 10" exp (-30834/RT) 9.47 x 10" exp (-31111/RT)
Arrhenius expression (Exp.)*  1.21 x 10°exp (-19205/RT) 1.99 x 10" exp (-23932/RT)
K*)(TST) 3.72 % 10° 8.67 x 107

K (Exp.)* 5.51 x 10° 1.35 x 10°
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For the reaction of C,H, + Os, the calculated reaction rate constant is a little
larger than the experimental result (Table-1). Considering that the result obtained
by theoretical calculation is the upper limit in general, the rough agreement between
the calculated results and the experimental results is tolerable. For the reaction of
C,H, + NO;, the calculated reaction rate constant is in good agreement with the
experimental result (Table-1). This indicated that the mechanism and kinetic study
by employing quantum chemical calculation in this paper is reasonable and reliable.

By comparing, it can be found that the calculated rate constant of the C,H, +
NOs reaction is more than that of the C,H4 + Os reaction. This finding is in good
agreement with the experimental result and was also conformed in theory by Christian
et al.”. Because the activation energies of these two reactions are quite similar, the
difference of the rate constants should be caused by the different preexponential
factors. As can be seen in Table-1, the calculated preexponential factor A of the
C,H4 + NO; reaction is nearly 1 order larger than that of the C,H, + Os reactions.
Since the rate constant of the C;Hs + NOs reaction is much larger than that of the
C,H,4 + Os5 reaction, it can be concluded that the NOs radical have much stronger
ability to degrade ethylene than the Os radical.

Conclusion

The mechanism and kinetics of the ethylene removal in flue gas by ozone injection
was investigated in detail by employing Quantum chemical calculation in this paper.
Based on geometry optimizations made using the B3ALYP/6-31G (d) method, the
reaction activation energies were calculated using the QCISD(T)/6-311g(d,p) method
and the kinetic parameters were calculated by the classical transition state theory.
The results showed that the activation energies of the C,Hs + O; and C,H4 + NO;
reactions were 6.58 and 6.66 kcal/mol respectively and the Arrhenius expressions
of these two reactions were k = 9.45 x 10" exp(-30834/RT) and k = 9.47 x 10"
exp(-31111/RT) (cm® mol™ s™), respectively. By comparing, it can be found that
the rate constant of the C,H, + NOs reaction is much larger than that of the C,H, +
O; reaction, which indicated that the NO; radical have much stronger ability to
degrade ethylene than the O; radical.

Furthermore, the theoretical results obtained by employing Quantum chemical
calculation in this paper were in good agreement with the experimental results,
which indicated that the mechanism and kinetic study by employing quantum chemical
calculation in this paper was reasonable and reliable. The theoretical results in this
paper will supply important theory basis for establishing kinetic model of the ethylene
removal in flue gas by ozone injection. In order to get a more veracious understanding
of the VOCs removal in flue gas by ozone injection, more complex alkenes and
other VOCs will be selected as objects in the further investigation.
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